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(H. Wang).Abstract Magnetic Co1xNixFe2O4 nanoparticles (NPs) were successfully synthesized via a
solvothermal method using ethylene glycol as solvent. The samples were characterized by X-ray
diffraction (XRD), ﬁeld emission scanning electron microscopy (FESEM), transmission electron
microscopy (TEM), vibrating sample magnetometry (VSM) and gas sensing test. The experimental
results showed that the magnetic Co1xNixFe2O4 NPs were composed of single phase spinel
structure and the average crystallite size in the NPs is between 5.8 and 9.8 nm; the NPs are spherical
with an average particle size of about 40–90 nm; the saturation magnetization (Ms) of the
Co1xNixFe2O4 NPs decreased linearly as the contents of Ni
2þ increased; and the as-prepared
Co1xNixFe2O4 NPs have a higher selectivity toward ammonia vapors and the Co0.8Ni0.2Fe2O4 has
the best gas sensitivity of Co1xNixFe2O4 (0rxr1) NPs at working voltage of 8 V.
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For wide applications such as defense, home-land security,
and environment-monitoring, materials of chemical vapors
detection plays an important role [1]. There is need to develop
gas sensors to detect volatile organic compounds or semivo-
latile chemical nerve agents [2]. Gas sensors based on semi-
conducting metal oxides includes SnO2, In2O3 and ZnO [3,4]
etc. are widely used in chemical vapors detection [5,6]. Never-
theless, the major problem of these materials is their low
selectivity (distinction of one gas from other interfering gases).
The researchers on gas sensors have concentrated on devel-
oping new gas sensitive materials to achieve higher gas
selectivity and sensitive. Nowadays, several novel gas sensitive
materials such as ferrites and CNTs aroused great interest
Y. Tang et al.54because they show more selectivity and chemical stability for a
particular gas than traditional semiconducting metal oxides.
In the last decade, ferrites have occupied a signiﬁcant position
in sensor technology [2].
CoFe2O4, NiFe2O4 and their mixed ferrite are important
members of the spinel type ferrites family. CoFe2O4 is a
permanent magnetic material with high saturation magnetization
and chemical stability. This characteristic is of signiﬁcance for
gas sensors application [7]. Thus the gas sensing properties of
CoFe2O4 aroused interests to investigate in the last decade. Chu
et al. [8] used cobalt ferrite as gas sensitive material to detect
ethanol vapors. It was found that various rare earths and metal
ions such as Ni, Co and Mn are introduced to replace A-site or
B-site ion is an effective way to improve the gas sensitivity of
ferrite materials [2]. Rezlescu et al. [9] reported that NiFe2O4
doped with small amounts of Co and Mn ion could improve the
gas sensitivity. In the application for gas sensors, higher surface
area is required [10,11]. Izabela et al. [12] reported that the
surface area of cobalt ferrite increased obviously after Mn
substitution. The previous research indicated that cobalt ferrite,
nickel ferrite and their mixed ferrite are promising gas sensitive
materials. However, the low gas sensitivity (Sr) of ferrite
materials limits their application in gas sensors (the Sr only
range from 0.1 to 1 under 100–1000 ppm gas concentrations
[13–16]). In order to improve the gas sensitivity of cobalt ferrite,
Ni ion doping is an effective way. However, the studies of
chemical vapors detection based on cobalt ferrite doped with
various nickel contents (0rxr1) are lacking.
To date, many methods have been used to prepare spinel
type ferrites, including the sol–gel method [14], co-precipita-
tion [17–19], ceramic techniques [20,21] and hydrothermally
[22]. However, ferrites synthesized by the conventional cera-
mic routes have a limitation as gas sensors due to the high
processing temperature, which makes them very dense and
little surface area [23]. Recently, solvothermal methods have
attracted attention because it offers advantages such as
simplicity, products with high crystallinity, relatively low
reaction temperature (T180 1C), and a larger surface area
of the as-prepared particles [24,25]. Solvents commonly used
to prepare MeFe2O4 (Me¼Co, Mg, Mn, Zn) include toluene
[26], ethylene glycol [27] and n-octanol [28].
In this work, nickel-substituted cobalt ferrite (Co1xNixFe2O4,
x¼0, 0.05, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8) nanoparticles (NPs) were
successfully synthesized via a solvothermal method using ethy-
lene glycol as the solvent. The magnetic properties and gas
sensing properties of the cobalt ferrite containing different
concentrations of Ni2þ are systematically investigated. In order
to ﬁnd out the selectivity of Co1xNixFe2O4 NPs towards several
common volatile chemical vapors, we tested them in ammonia,
ethanol, methanol, toluene, benzene and methanal vapors atmo-
sphere. The results indicated that Co1xNixFe2O4 NPs is a new
and promising gas sensitive material to detect ammonia vapors.2. Experimental
2.1. Synthesis of Co1xNixFe2O4 NPs
All of the reagents were of analytical grade and used as
received without any further puriﬁcation. The initial molar
ratio of Me2þ/Fe3þ was 1:2, where Me2þ¼ (Co2þþNi2þ), and
5 mmol of Fe3þ was used in each sample. Co1xNixFe2O4(x¼0, 0.05, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8) NPs were synthesized
using ethylene glycol as the solvent. In a typical synthesis,
appropriate amounts of Co(NO3)2  6H2O, Ni(NO3)2  6H2O
and Fe(NO3)3  9H2O were dissolved in ethylene glycol
(50 mL). Anhydrous sodium acetate (3.6 g) and polyethylene
glycol (PEG-200, 1 mL) were then added to the mixture and
stirred vigorously at room temperature for 30 min. The
mixture was sealed in a Teﬂon-lined stainless steel autoclave
(capacity of 70 mL) and maintained at 200 1C for 12 h. The
mixture was then cooled to room temperature. The resulting
solid was collected with a magnet, washed several times with
distilled water and anhydrous ethanol to remove nitrate ions,
and dried under vacuum at 70 1C for 12 h.
2.2. The characterization of structure and magnetic properties
Phase structure characterization of as-prepared samples was
performed using an X-ray diffractometer (XRD, D/max
2550 V, Rigaku, Japan) using Cu-Ka radiation (l¼0.15406
nm). The microstructure of the as-prepared samples was
observed by transmission electron microscopy (TEM, JEM
2100, JEOL, Japan) with an accelerating voltage of 200 kV.
The size and morphology of the as-prepared samples were
determined at 20 kV using a ﬁeld emission scanning electron
microscope (FESEM, JSM-6700F, JEOL, Japan). The mag-
netic properties were measured by a vibrating sample magnet-
ometer (VSM, PPMS, Model 6000, Quantum Design, USA)
under a magnetic ﬁeld of 720 kOe at room temperature.
2.3. Gas sensing test
The ﬁnal samples were mixed with an adhesive (ethyl cellulose
alcohol solution) in an agate mortar to form a gas sensing
paste. Then the paste was coated onto an alumina tube on
which a pair of Au electrodes was previously printed. The
device was dried at 45 1C for several minutes in an oven and
then sintered at 500 1C for 2 h. At last, a Ni–Cr heating wire
was inserted into the tube and the electrodes were jointed on a
base. The as-prepared gas sensors were aged at 5 V for 7 day
in order to improve their stability. The gas-sensing test was
operated in a measuring system of WS-30A (Winsen Electro-
nics Technology Co. Ltd., Zhengzhou, China), the volume of
glass chamber is 30 L. In general, the concentration of an
organic steam, such as ammonia, was obtained by thermal
volatilization of certain concentration aqua ammonia. In this
work, the gas sensitivity (Sr) of the sensor was deﬁned as
Sr¼Rair/Rgas, where Rair and Rgas were the resistances of the
sensors in the testing gas/air mixture and in air, respectively.3. Results and discussion
3.1. Structural characterization
Typical XRD patterns of the Co1xNixFe2O4 NPs obtained
using the solvothermal method is shown in Fig. 1(a). The as-
prepared samples with Ni2þ contents of x¼0.8, 0.6, 0.5, 0.4,
0.2, 0.1, 0.05 and 0 are labeled as ‘sample a, b, c, d, e, f, g
and h’, respectively. The position and relative intensity of the
diffraction peaks are consistent with standard powder diffrac-
tion data (JCPDS ﬁle No: 22-1086). No impurities were
Fig. 1 (a) XRD patterns of Co1xNixFe2O4 NPs containing
various contents of Ni2þ. (b) X-ray density and lattice parameters
of Co1xNixFe2O4 NPs containing various contents of Ni
2þ.
Table 1 X-ray density and lattice parameters derived
from XRD patterns of Co1xNixFe2O4 nanoparticles con-
taining various contents of Ni2þ.
Ni
content
Molar mass of
ferrite (g/mol)
Lattice
parameter,
a (A˚)
Volume of
unit cell
(A˚3)
X-ray
density
(g/cm3)
0 234.623 8.3834 589.197 5.2892
0.05 234.611 8.3866 589.872 5.2831
0.1 234.599 8.3887 590.315 5.2791
0.2 234.575 8.3905 590.695 5.2751
0.4 234.527 8.3928 591.200 5.2695
0.5 234.503 8.3938 591.390 5.2672
0.6 234.479 8.3940 591.435 5.2663
0.8 234.431 8.4043 593.604 5.2460
Fig. 2 TEM analysis of Co0.8Ni0.2Fe2O4 NPs. (a) Typical TEM
image, the inset is HRTEM image. (b) EDX spectrum.
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ferrite were successfully synthesized by the solvothermal
method. The (311) peak was used to calculate the average
size of the crystallites in the NPs samples using the Scherrer
equation. The average crystallite size in all of the eight samples
was about 5.8–9.8 nm. This is due to the use of weakly polar
ethylene glycol as the solvent led to the formation of small
NPs because it coordinates strongly to the particles.
The X-ray densities (dx, theoretical densities) for the
samples containing various contents of Ni2þ were calculated
using the equation dx¼8 M/Na3 [13], where M, N, and a are
the molecular weight, Avogadro’s number, and lattice para-
meter, respectively (Table 1). Here, lattice parameters were
calculated by Jade 5.0 with Cell Reﬁnement. Fig. 1(b) shows
that the lattice parameters of the NPs increased as the content
of Ni2þ increased. Meanwhile, dx decreases with increasing
Ni2þ content. These results may be caused by cobalt atoms
being heavier than nickel atoms. This clearly indicates that
Ni2þ entering the A-sites and replacing the Co2þ.
The size and morphology of the Co0.8Ni0.2Fe2O4 NPs were
further observed by TEM. Fig. 2(a) shows a typical TEM
image of the Co0.8Ni0.2Fe2O4 NPs. Most of the particles are
spherical, but a few particles have agglomerated. In general,
the complexity of aqueous solutions means that slight changes
in experimental conditions can strongly inﬂuence particle
morphology [24]. The inset of Fig. 2(a) shows a high resolu-
tion TEM (HRTEM) image of an individual Co0.8Ni0.2Fe2O4
NPs. The prominence of the lattice fringe with d0.20 nmagrees well with the separation between the (400) lattice planes
(0.2094 nm). The energy-dispersive X-ray (EDX) spectrum
given in Fig. 2(b) shows that the as-prepared Co1xNixFe2O4
NPs contain Co, Ni, Fe and O; no impurities were detected.
3.2. Magnetic properties
To investigate the effect of Ni2þ substitution on the magnetic
properties of CoFe2O4, the magnetic properties of the as-prepared
Co1xNixFe2O4 NPs were determined using a VSM operating
under a ﬁeld of 720 kOe at room temperature. Fig. 3(a) shows
hysteresis loops of the Co1xNixFe2O4 NPs containing different
contents of Ni2þ (x¼0, 0.05, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8). The
saturation magnetization (Ms) of the samples was not achieved
Fig. 4 Sensor response of Co0.8Ni0.2Fe2O4 NPs test for various
chemical vapors at working voltage of 5 V.
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Fe2O4 sample did not exhibit hysteresis, remanence or coercivity,
and did not reach saturation at a high applied magnetic ﬁeld of
720 kOe. These results are indicative of superparamagnetic
behavior, which suggests that the size of the spherical NPs is
below the critical size for superparamagnetism [29,30].
Fig. 3(b) shows theMs of the Co1xNixFe2O4 NPs with x of
0 to 0.8 decreases linearly as the contents of Ni2þ increases.
According to Kim et al. [31], there are two possible models to
explain the decrease ofMs as the content of Ni
2þ increases: the
surface spin disorder model and the uniformly reduced
magnetic moment model. For the as-prepared Co1xNixFe2O4
NPs, the decrease of Ms with increasing nickel content is
caused by the higher magnetic moment of Co2þ than Ni2þ at
octahedral sites in the inverse spinel structure [20].
3.3. Gas sensing properties
Fig. 4 shows the response of Co0.8Ni0.2Fe2O4 NPs towards
several chemical vapors, including ammonia, ethanol, toluene,Fig. 3 (a) Magnetic hysteresis loops of Co1xNixFe2O4 NPs
containing various contents of Ni2þ at room temperature. The
inset shows a magniﬁed image of the arrowed area. (b) Saturation
magnetization of Co1xNixFe2O4 NPs containing various con-
tents of Ni2þ.
Fig. 5 Sensor response of Co1xNixFe2O4 NPs doped with
various contents of Ni2þ.benzene, methanol and methanal for their 4000 ppm concen-
trations at working voltage of 5 V. As can be seen from the
result, the gas sensitivity of Co0.8Ni0.2Fe2O4 NPs toward ammo-
nia vapors is 2.8, about 2.1 times to that toward other vapors
(less than 1.3). This clearly indicates that Co1xNixFe2O4 NPs
exhibits a high selective response toward ammonia vapors.
To investigate the effect of Ni2þ substitution on the gas-sensing
properties of Co1xNixFe2O4 NPs, we have studied the response
of cobalt ferrite doped with different amounts of Ni2þ (Fig. 5).
It can be observed that the response toward ammonia vapors of
the Co1xNixFe2O4 NPs increases when the Ni
2þ content is less
than 0.2 and decreases when the Ni2þ content is larger than 0.2,
the gas sensitivity (Sr) is up to 2.8 for 4000 ppm ammonia vapors
concentrations at working voltage of 5 V. The partial replace-
ment of Co by Ni ion results in decrease in grain size [16], which
results in larger density of grain boundaries, which increases
NPs’ effective exposure area to the ammonia vapors. The
decrease in response may be due to the insufﬁcient number of
sites available on the surface when the Ni2þ doping amounts
increases [32]. The obtained results indicate that cobalt ferrite
Solvothermal synthesis of Co1xNixFe2O4 nanoparticles 57doped with appropriate amounts of Ni2þ could improve its gas
sensitivity.
Gas response to most materials intensively depends on work-
ing voltage and gas concentrations [9]. Fig. 6 shows the response
of Co0.8Ni0.2Fe2O4 NPs on the various ammonia vapors con-
centrations at working voltage of 5 V, 6 V, 7 V, 8 V and 9 V.
It can be seen that the good response for Co0.8Ni0.2Fe2O4 NPs is
at around 8 V and after decreases with increasing working
voltage. This may be due to the dissociation of ammonia into
constituent gases hydrogen and nitrogen beyond 8 V. Similarly,
at a low vapors concentrations, the low response can be expected
because the gas molecules do not have enough thermal energy to
react with the surface adsorbed oxygen [33]. The gas sensing
mechanism of Co1xNixFe2O4 NPs can be expressed as follows:
O2ðgasÞ þ e2O2 ðadsÞ ð1Þ
O2 ðadsÞ þ e22OðadsÞ ð2ÞFig. 6 Sensor response toward ammonia vapors at different gas
concentration and working voltage of Co0.8Ni0.2Fe2O4 NPs.
Fig. 7 Gas sensing mechanism of Co1xNixFe2O4 NPs toward am
NPs ﬁlms.RðgasÞ2RðadsÞ ð3ÞRðadsÞ þOðadsÞ2ROþ e ð4Þ
2NH3 þ 7OðadsÞ-2NO2 þ 3H2Oþ 7e ð5Þ
Initially, oxygen adsorbed on the surface of ferrite NPs
ﬁlms and traps electron from the body of ferrite to form
negatively charged chemisorbed oxygen (1), (2) [2]. As a result,
the concentration of electron in the NPs decreases and hence
the resistance of the material increases. When reducing gas R
is introduced, it reacts with O(ads) to form RO, releasing the
trapped electron to the conduction band and subsequently
lowering the resistance (3), (4) (as shown in Fig. 7) [23]. The
inset of Fig. 7 shows the FESEM image of Co0.8Ni0.2Fe2O4
NPs ﬁlms. It is evident that the Ni–Co mixed ferrite NPs are
spherical with an average particle size of about 40–90 nm
and agglomerate to some extent, which is attributed to
the inﬂuence of the solvent. In the corresponding surfactant-
free synthesis, particles grew randomly and aggregate in
an isotropic manner to form polycrystalline spheres [34].
In summary, NH3 reacts with adsorbed oxygen on the surface
of ferrite and decomposes into gaseous NO2 and water vapor
with releasing electron (5).4. Conclusions
Co1xNixFe2O4 (x¼0, 0.05, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8) NPs have
been successfully synthesized via a solvothermal method. The
samples show very high phase purity and crystallinity, and the
Ms of the Co1xNixFe2O4 NPs with increasing amount of Ni
2þ.
When tested against ammonia, ethanol, toluene, benzene,
methanol and methanal vapors, Co1xNixFe2O4 NPs shows
high selectivity towards ammonia vapors and the sensitive
material exhibits the best response when Ni2þ doping amounts
is 0.2. The optimum working voltage of the Co1xNixFe2O4 NPs
toward ammonia vapors is 8 V.monia vapors. The inset is FESEM image of Co0.8Ni0.2Fe2O4
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